We propose and analyse two novel mesh design geometries, the hexagonal and the triangular lattice, for the implementation of tunable optical cores in programmable photonic processors and universal couplers. They are compared to a previously proposed square mesh topology in terms of a series of figures of merit that account for metrics that are relevant to on-chip integration of the mesh finding that hexagonal mesh is the most suitable option. We then exemplify the use of this mesh topology in the implementation of a universal coupler device.
INTRODUCTION
General programmable processors and universal couplers [1] will be key devices in the implementation of a next generation of advanced photonic systems, required in massive scale application scenarios such as 5G communications and the Internet of Things (IoT) [2] [3] [4] . These devices bring the promise of implementing several functionalities by suitable programming of one common photonic hardware architecture featuring additional advantages in terms of low cost and enhanced reliability fabrication when combined with Generic Integration (GIM) and Generic Foundry (GFM) Models [5] . Recent contributions have addressed the design of general photonic processors both for analog [6] [7] [8] and digital [9] applications. The central element of the reconfigurable optical processor is the optical core, where the main signal processing tasks are carried out in the photonic domain. Ideally, the optical core should be built upon a versatile architecture capable of implementing different functionalities in response to different electronic control signals. In practice, the main proposed configurations for this core are based on the cascade of finite (i.e. Mach-Zehnder interferometers, MZI) and infinite (i.e. Optical Ring Resonator, ORR) impulse response cells. Recently however, Zhuang and co-workers [8] have proposed a design for a programmable optical core that is inspired by the photonic FPGA-like concept. This approach is based on a 2D waveguide square mesh network where the connections between waveguides are controlled by means of tunable Mach-Zehnder interferometers (MZIs). Through external electronic control signals, each MZI can be configured to operate as a directional coupler or simply as an optical switch in a cross or bar state providing amplitude-and phase-controlled optical routing. In this way, the combination of different MZIs in the 2D square grid, -each individually configured as desired-, enables the synthesis of any kind of optical core circuit topology, including finite and infinite impulse response filters. Universal couplers and mode converters are the basis for self-configuring universal optical components [10] , [11] , where a common waveguide hardware architecture that contains programmable amplitude and phase elements are employed to perform any linear function or coupling between inputs and outputs. An optical waveguide mesh seems again an interesting platform for its implementation.
Space and power consumption constraints play a critical role in the design of photonic circuits in general and of optical meshes in particular. The limited area available for growing the optical mesh, and the need to reduce to a minimum the number of switching elements required to implement a set of optical core topologies call for a careful analysis of possible geometries for the mesh topology implementing the optical core. In this paper we propose and analyze two alternative designs -the triangular and the hexagonal mesh -and compare them with the square design proposed in [8] . After providing basic definitions of the relevant mesh elements and parameters, which are employed in the rest of the paper, we develop the pertinent analysis and comparison in terms of several figures of merit, accounting for footprint and number of switching elements per unit area, spectral period resolution, flexibility or reconfiguration capability, bending radii and losses. We find that the hexagonal geometry outperforms both the triangular and the square for most of the benchmarking parameters. We finally illustrate the use of the hexagonal mesh in the implementation of an universal coupler device and a self-configuring linear optics component.
DEFINITIONS AND RECONFIGURABLE MESH DESIGNS
We propose two new configurations of tunable coupler-based meshes that can synthetize photonic integrated circuit designs. In the left part of Fig. 1 (b) and 1(c) we illustrate the novel hexagonal and triangular meshes, respectively, and their associated interconnections schemes at the bottom. The square-type mesh, is shown for comparison as well in the left part of Fig. 1(a) [8] . The basic building block of these meshes is a tunable coupler that must provide, independently, a complete splitting ratio tuning and phase response. This switching/tapping/ dephasing mechanism can be obtained either by exploiting the electro-refraction and/or the electro absorption effect [12] , or by means of the thermo-optic effect [13] , in different broadband coupling structures such as a 3-dB balanced Mach-Zehnder Interferometer (MZI). By configuring each tunable coupler that is placed at each side of the cell as a switch (in either its cross or bar state) or as a tunable coupler, one can synthesize a given photonic integrated circuit topology, as shown in [8] . We define the tunable basic unit (TBU) as the structure composed by the tunable coupler and its access (input/output) waveguides, which are a function of the bending radii and vary for each mesh due to variation of the angle between elements. The distinction between the TBU and the tunable coupler is relevant as the TBU dictates the footprint of the overall interconnection device, which is given by the basic unit length BUL:
here L access is the overall length of the access waveguide segment and L Tunable-Coupler (shown in the right part of Fig. 2) . Note that the BUL definition is crucial since it also determines the spatial resolution of the mesh and thus restricts the synthesis of the waveguides lengths to a discrete number. The impact of the mesh configuration, bending radii and spatial resolution is analyzed in detail in Section 3. Referring to the lower right part of Fig. 1 , the TBU can provide 3 different states: when the cross state is set, the light path will go from the input a in1 to a out2 and from a in2 to a out1 . When no bias is applied the TBU is in the cross state. On the other hand, when the bar state is configured, the light path will go from a in1 to a out1 and from a in2 to a out2 . In addition, a specific splitting ratio could be set at the tunable coupler configuration. In the case of a balanced MZI loaded with heaters on both arms, the splitting ratio is achieved by increasing the effective index due to the Joule effect in one arm. Once set, a common drive in both heaters will provide a common phase shift, leading to independent control of the amplitude ratio and the phase. Such a 2×2 device can be defined by its insertion losses (IL) and optical crosstalk between ports (CT Bar and CT Cross ) by: 
These parameters provide critical information about the TBU losses. Since they are connected in a cascade configuration to build up the mesh, the whole IL of the synthetized device will be the sum of the ILs corresponding to the TBUs across which the light has travelled. Since most of the TBUs will remain in either cross, bar or non-used (passive) states, optical crosstalk must be also taken into account. In order to reduce the footprint of the synthetized circuits, we introduce here the possibility of using all the TBU ports independently. For example, if a cross state set the connection in1/out2, the path in2/out1 could be also employed. Since the device is reciprocal, it can be done regardless of the direction. Note this TBU in particular remains in the cross state in its passive configuration, i.e. when it is unbiased.
MESH ANALYSIS AND COMPARISONS
We now present in table 1 the results from our analysis and compare the performance of the hexagonal, triangular and square mesh designs in terms of a set of figures of merit, which are relevant from a chip integration point of view. These figures account for a) The number of switching elements per unit area, b) The spatial tuning resolution step, c) The number of possible alternative geometries for implementing a specific filter design and d) The losses and spatial resolution associated with TBU interconnection. The switching elements per unit area figure accounts for the number of MZI devices required by mesh surface unit. The spatial tuning resolution step quantifies which is the minimum step in BUL units by which the arm length mismatch or the cavity length can be increased/decreased. The mesh replication flexibility is defined as the number of possible different alternative geometries that a given mesh design provides to implement a given ORR (with a fixed cavity length) or MZI configuration. The losses and spatial resolution associated with the TBU interconnection account for either the length of the access segment compared to that of the square mesh for a fixed curvature radius or the radius of curvature of the access segment compared to that of the square mesh for a fixed BUL value.
With the exception of the replication ratio, the hexagonal mesh design is the most versatile option featuring the best results in all the figures of merit. Its superior performance in terms of spatial tuning resolution step allows for a wider range of spectral periods that can be implemented with complex structures built upon combining ORR and MZI based filters. Figure 2 shows the layout [10] (left) and the implementation using an hexagonal mesh (right) of a 4×4 universal coupler. The implementation shows one possible option and depicts the state of all the required 3dB MZI devices. The former is just a building block of a more powerful device known as the self-configuring linear optics device [10] , which is capable of implementing any linear optics operation between a set of N input and N output ports. The device is composed of two universal couplers (an input one with N input ports) and an output one (with N output ports), connected by a set of N modulators implementing the internal diagonal matrix of the overall singular value decomposition (SVD) matrix that characterizes the linear transformation. Furthermore, these devices can be made tunable and reconfigurable just by adjusting the added phase shift and the intensity splitting ratio of each 2×2 MZI ( Fig. 1(d) 
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